SUMMARY ANSWER: Germline expression of Rictor regulates spermatogonial differentiation and has an essential role in coordinating germ cells and Sertoli cells in maintaining intact cell-cell adhesion dynamics and cytoskeleton-based architecture in the seminiferous epithelium.
Introduction
Spermatogenesis takes place in the germinal epithelium of the testis and encompasses three successive developmental phases, which are spermatogonial self-renewal and differentiation, meiosis and spermiogenesis. Spermatogonial cells at the basement membrane undergo self-renewal and differentiation, followed by two meiotic cell divisions to produce round spermatids, which subsequently differentiate into elongated spermatids, with the whole process involving dramatic biochemical and morphological changes including the formation of the acrosome and flagellum, condensation of the nucleus and elimination of cytoplasm known in the residual body.
Germ cell development is a highly specialized process that is governed by germ-cell intrinsic mechanisms but also involves Sertoli cells, which are the only somatic cells present in the seminiferous tubules and which provide nutritional and structural support (Griswold, 1998) . Sertoli cells display long apical extensions with cytoplasmic pockets that are in intimate contact with developing germ cells at various stages. This interaction is essential for germ cell differentiation, and dysregulation of Sertoli-germ cell adhesion leads to structural defects of the seminiferous epithelium and male sterility (Holembowski et al., 2014; Luaces et al., 2014) . Moreover, germ cells are progressively transported from the base of the seminiferous tubules towards the lumen. This progress involves the resolution and reformation of cellcell contacts between germ cells and Sertoli cells that are regulated by Sertoli cytoskeleton dynamics (Mruk and Cheng, 2004; Wen et al., 2016) . Germ cell migration requires restructuring of the blood-testis barrier (BTB) at stages VIII-IX of the epithelial cycle (Mok et al., 2013a) . The BTB incorporates tight junctions (TJ), basal ectoplasmic specialization (ES), gap junctions (GJ) and desmosomes (see Table I for abbreviations), and physically segregates the seminiferous epithelium into the basal and the adluminal compartments, with the meiosis I/II and all postmeiotic spermatid development occuring in the latter.
Mechanistic target of rapamycin (mTOR) is an evolutionally conserved serine/threonine protein kinase that integrates signals from growth factors and nutrients to regulate diverse cellular processes (Wullschleger et al., 2006; Laplante and Sabatini, 2012) . mTOR assembles into two large structurally and functionally distinct protein complexes, mTORC1 and mTORC2. mTORC1 consists of mTOR, Raptor, mLST8/GβL, PRAS40 and DEPTOR, and mTORC2 consists of mTOR, Rictor, mLST8/GβL, mSIN1, Protor1/2, DEPTOR. Rapamycin, a well-known mTOR inhibitor, is an important clinical drug and many rapamycin analogs (rapalogs) are now being tested in clinic. However, male patients who have received rapamycin in post-transplantation and cancer therapies have a high prevalence of infertility (Huyghe et al., 2007) . The biological role of mTORC1, the canonical target of rapamycin, in germ cell development has been explored extensively. For example, mTORC1 signaling mediates the roles of PLZF or Nanos2 in spermatogonial stem cell self-renewal (Hobbs et al., 2010; Zhou et al., 2015) . Vasa-Cre-mediated ablation of Tsc2, a key negative regulator of mTORC1, in the germline results in impaired development of spermatogonia (Hobbs et al., 2015; Wang et al., 2016) , whereas spermatogonial function appears unaffected in mice with Sertoli-cell specific Tsc2 ablation using Amh-Cre (Hobbs et al., 2015) , suggesting that mTORC1 has distinct roles in Sertoli and germ cells. Blocked spermatogonial differentiation was observed in male mice with Vasa-Cre-mediated conditional ablation of the mutual component mTOR (Serra et al., 2017) . We recently reported that Raptor, a specific component of mTORC1, has an essential role in meiotic progression by using Neurog3 (Ngn3)-Cre (Xiong et al., 2017) , prompting us to perform a parallel study to inactivate mTORC2 to probe its involvement in meiosis.
In contrast to mTORC1, mTORC2 has been much less well studied. A previous study investigated the role of mTORC2 in spermatogenesis by performing RNAi-mediated knockdown of Rictor, a distinct component of mTORC2 (Mok et al., 2013b) . Disruption of mTORC2 activity specifically in Sertoli cells has also been investigated in mice with Amh-Cre-mediated ablation of Rictor . These studies have identified a non-cell-autonomous role for mTORC2 in Sertoli cells in maintaining integrity of the cytoskeleton, cell polarity and/or BTB structure (Mok et al., 2013b; Dong et al., 2015) . However, the cell-autonomous role for mTORC2 in spermatogenesis is yet to be defined. To address this question, we investigated the effects of germ cell-specific ablation of Rictor on testicular development. Our study provides the first in-vivo evidence that Rictor plays a role in spermatogonial differentiation, and reveals that germline expression of Rictor mediates cell-cell adhesion and BTB dynamics, suggesting that mTORC2 signaling in germ cells coordinates with somatic cells in establishing the cytoskeleton-based architecture of the seminiferous epithelium.
Materials and Methods

Generation of Rictor conditional knockout mice
Rictor fl/fl mice were a generous gift from Prof. Mark A Magnuson at the Vanderbilt University School of Medicine (Shiota et al., 2006) . Transgenic mice expressing CRE recombinase under the control of the Neurog3 promoter (Ngn3-Cre mice; Jackson Laboratory Stock 006333) were a gift from Prof. Jeremy Wang at the University of Pennsylvania (Zheng and Wang, 2012) . Ngn3-Cre has proved effective to create conditional knockout models for Mov10l1 (Zheng and Wang, 2012) , Dicer (Korhonen et al., 2011) and the mTORC1 component Raptor (Xiong et al., 2017) . Ngn3-Cre is expressed from P5 onwards and Cre mediated recombination of floxed alleles begins at P9 (leptotene/zygotene spermatocytes) (Zheng and Wang, 2012 Fig. S2A and B). PCR genotyping for Rictor fl and Cre alleles was performed separately on genomic DNA isolated from tails using primers listed in Supplementary Table S3 . All mice were housed and used according to the guidelines of the Institutional Animal Care and Use Committee of Nanjing Medical University.
Immunofluorescence, TUNEL assay and chromosome spread
To prepare frozen sections, testes were fixed in 4% paraformaldehyde (PFA) at 4°C for 12 h and dehydrated in 30% (w/v) sucrose overnight and embedded in OCT as previously described (Zheng et al., 2010) . To prepare paraffin sections, fixed testes were dehydrated in graded ethanol (from 70% to 100%) and embedded in paraffin. Immunostaining of testis sections was performed with the following primary antibodies: anti-PLZF (AF2944) and anti-KIT (AF1356) from R&D (Minneapolis, MN, USA); anti-LIN28 (ab46020), anti-STRA8 (ab49602) and anti-Vimentin (ab92547) (Yang et al., 2008) . Chromosome spreads of prophase I spermatocytes were performed as previously described (Peters et al., 1997; Kolas et al., 2005 
Isolation of germ cells and Sertoli cells
Purification of spermatogenic cells (spermatogonia, pachytene spermatocytes, round spermatids, and elongated spermatids) and Sertoli cells was performed using the STA-PUT method described by Bellvé with minor modifications (Bellve, 1993) . Due to the dynamic number of spermatogenic cells and Sertoli cells during postnatal testis development, we isolated Sertoli cells and spermatogonia from mice at P6-8, and pachytene and round spermatids as well as elongated spermatids from adult mice. Briefly, at least 20 testes of P6-8 (six testes of adult mice) were collected and decapsulated, and digested with collagenase IV (1 mg/ml) at 37°C for 15 min. The dispersed seminiferous tubules were centrifuged and the pellet was further digested with 0.25% Trypsin and DNase I (1 mg/ml), and filtered. The resulting single cell suspension was loaded into a cell separation apparatus (ProScience, Scarborough, Ontario, Canada) followed by 2-4% bovine serum albumin (BSA) gradient (2% BSA and 4% BSA in DMEM were loaded into the separation apparatus chamber). After sedimentation for 3 h, cell fractions were harvested and morphology was examined by light microscopy and DAPI staining to distinguish cell types. All cell fractions with purity (≥80%) were collected for further processing.
Histology and spermatozoa staining
Testes were fixed in Bouin's solution (SLBJ3855V, Sigma-Aldrich) overnight, dehydrated through progressively concentrated ethanol (70, 90 and 100%), sectioned, and stained with hematoxylin and eosin (H&E). For spermatozoa staining, spermatozoa were extruded from the epididymides of 8-week-old male mice. Drops of 10 μl spermatozoa were dried slides and fixed in 4% PFA at 4°C overnight followed by H&E staining as described above. Sections were analyzed microscopically (Axio Scope A1, Carl Zeiss, Jena, Germany).
Spermatozoa counts and motility assays
Spermatozoa count and motility assays were performed using 8-week-old Rictor fl/+ and Rictor cko male. Per male, one cauda epididymis was dissected, spermatozoa extruded and incubated in 2 ml PBS at 37°C for 10 min. The suspension was diluted 1:2 with PBS and fixed in 2 ml 4% of PFA (in PBS) for spermatozoa counting using a hemocytometer. For spermatozoa motility assays, spermatozoa were released from the cauda epididymis into 1 ml of pre-warmed (37°C) HTF medium with 10% fetal bovine serum (FBS) followed by incubation at 37°C for 5 min. Aliquots of 10 μl sperm suspension were placed in an 80-μm-deep chamber for the assessment of sperm motility using CASA running an IVOS Sperm Analyzer (Hamilton Thorne Biosciences, Beverly, MA, USA).
Transmission electron microscopy
P18 testes were fixed with 5% glutaraldehyde in 0.2 M cacodylate buffer at 4°C overnight and cut into small pieces (1 mm 3 ) after washing in 0.2 M cacodylate buffer. The specimens were embedded according to standard procedures, sectioned and analyzed with a transmission electron microscope (JEM-1010, JEOL, Tokyo, Japan). 
BTB integrity assay
Mice were anesthetized using pentobarbital sodium (60 mg/kg bw, sigma, P3761), and 1 mg FITC-conjugated inulin (Mr 4.6 kDa, F3272, SigmaAldrich) in 100 μl PBS was carefully injected at low pressure into the center of the testis. The extracellular distribution within the seminiferous epithelium can be measured after lymphatic diffusion (45 min) (Mok et al., 2012) . Frozen cross sections of testes were obtained and evaluated by confocal microscopy. DAPI was used as a counterstain.
RNA deep sequencing and gene ontology
Total RNA was extracted from the testes of P18 Rictor fl/+ and Rictor cko mice using TRIzol reagent (Thermo Fisher Scientific). Equal amounts of total RNA preparations from three animals per genotype were pooled and stranded RNA-seq libraries prepared using library preparation kit (Illumina, San Diego, CA, USA) and deep-sequenced by Illumina HiSequation 2500 system. Library construction and sequencing were performed at the Shanghai Biotechnology Corp. Approximately 80 M of clean data was achieved by trimming the adaptor and filtering rRNAs. Clean reads were then mapped to the mouse genome (mm10) using TopHat (v.2.0.9; Johns Hopkins University, Baltimore, MD, USA) with a GTF file download from the Ensemble database (The European Bioinformatics Institute, Cambridgeshire, UK). Uniquely mapped fragments of genes were quantified using HTSeq, followed by TMM (trimmed mean of M values) normalization to evaluate gene expression by normalized fragments per kilobase of transcript per million fragments mapped values. Genes with significant differential expression were defined as those with false discovery rate value above the threshold (Q < 0.01) and fold-change >2 using edgeR software (https://www.bioconductor.org). We uploaded RNA sequencing data to the National Center for Biotechnology Information database, and the sequencing reads are available from the SRA database at the National Center for Biotechnology Information (PRJNA419273; http:// www.ncbi.nlm.nih.gov/SRA). Go term enrichment was performed using the DAVID server (Huang da et al., 2009).
Quantitative and semi-quantitative RT-PCR assays
Total RNA was extracted from testes and isolated spermatogenic cells and Sertoli cells using TRIzol reagent. The purity of RNA was determined by absorbance at 260/280 nm (1.8-2.0). 1 μg of total RNA for each sample was converted into cDNA by reverse transcription with PrimeScript RT Master Mix (RR036A, TaKaRa, Tokyo, Japan) according to the manufacturer's instructions. The cDNA was diluted to a final volume of 100 μl. For quantitative RT-PCR, 2 μl of which was used for each real-time PCR containing SYBR Green Premix Ex Taq II (RR820A, TaKaRa). Gene expression was normalized to 36B4 within the log phase of the amplification curve. For semi-quantitative RT-PCR, a typical reaction contained 500 nM of forward and reverse primer and 1 μl diluted cDNA, with a final reaction volume of 20 μl. The products were taken after 28-30 cycles and analyzed by gel electrophoresis (2500, Tanon, Shanghai, China). Primer sequences are listed in Supplementary Table S3 .
Immunoblotting
Tissues were rinsed with PBS and lysed in cold RIPA buffer supplemented with protease inhibitor cocktail tablets (4693124001, Roche, Basel, Switzerland 
Statistical analysis
Significance was tested by using the two-tailed unpaired Student's t test (*P < 0.05; **P < 0.01; ***P < 0.001) using Prism 7.0 (GraphPad Software, La Jolla, CA, USA). NS means not significant.
Results
Rictor cko mice are sterile
To investigate the function of Rictor during spermatogenesis, we first investigated the expression and cellular distribution of Rictor mRNA in the postnatal mouse testes. The Rictor transcript was detectable by RT-PCR in testis tissue at postnatal Day (P) 8 and was expressed at all subsequent postnatal stages throughout adulthood, with increased levels from P10 to P24 ( Supplementary Fig. S1A ). To investigate the cell type-specific expression of Rictor in the testis, we next isolated testicular cell populations, including Sertoli cells, spermatogonia, pachytene spermatocytes, round spermatids, and elongated spermatids using STA-PUT Velocity Sedimentation. The purity of each cell population was verified using morphological characteristics ( Supplementary  Fig. S1B ) and detection of cell type-specific marker gene transcripts, including Gata4 for Sertoli cells, Plzf, Gfra1 and Kit for spermatogonia, Sycp2 for pachytene spermatocytes and Prm1 for round and elongating spermatids ( Supplementary Fig. S1C ). We found that Rictor mRNA was relatively abundant in Sertoli cells, spermatogonia, pachynema, and round spermatids but not detectable in elongating spermatids. Western blot analysis confirmed high levels of Rictor protein in spermatogonia and pachynema ( Supplementary Fig. S1D ).
To investigate the in-vivo functions of Rictor, we generated mice with a germ cell-specific ablation of Rictor resulting from Ngn3-Cremediated inactivation of a floxed Rictor allele (Rictor fl ). Fig. S2A and B). As expected, testis tissue from adult Rictor cko mice contained only low levels of Rictor relative to that from control littermates (Fig. 1A) . Rictor cko mice were viable and exhibited normal growth. However, Rictor cko males failed to produce offspring and had smaller testes than control littermates (Fig. 1B-D) . Adult (8-week-old) Rictor cko mice had a similar overall body weight as aged-matched controls but significantly lower testis weight corresponding to 27% the weight of wild-type testes ( Fig. 1C and D) . Histological examination showed that the area of seminiferous tubules from Rictor cko testis was significantly smaller than that of wild-type tubules (Fig. 1E) . In contrast to wild-type testis in which the seminiferous tubules contained an intact spectrum of spermatogenic cells (Fig. 1F) , the tubules from Rictor cko testis exhibited severe defects in spermatogenesis. Some tubules exhibited loss of cell hierarchy, accompanied by the absence of a seminiferous lumen and aberrant localization of elongated spermatids at the basement membrane (Fig. 1G ).
Other tubules contained vacuoles and several layers of round spermatids, but lacked other spermatogenic cells (Fig. 1H) . A subset of tubules were depleted of germ cells, reflecting a 'nearly empty' tubule phenotype (Fig. 1I) . Mating tests confirmed that Rictor cko males were completely sterile (Supplementary Table S1 ). We next systematically examined tes, including germ cell polarity disorder (marked with asterisk), complete depletion of spermatocytes (marked with arrowhead), and 'nearly empty' tubules (marked with triangle). Scale bars, 50 μm. All analyses were performed on 8-week-old mice.
mTORC2 signaling in P18 testis, when pachytene spermatocytes are abundant. Phosphorylation of Akt (S473), a downstream target of mTORC2, was reduced in Rictor cko compared with control testis (Supplementary Fig. S2C and D) . In contrast, levels of the mTORC1 specific component Raptor and its phosphorylated substrate S6 remained similar in Rictor cko testis versus control testis ( Supplementary Fig. S2C -E),
suggesting that mTORC2 signaling was disrupted in Rictor cko testes.
Rictor is a regulator for spermatogonial differentiation
To better understand the defects in germ cell development in Rictor cko testis, we next performed immunostaining for cell type-specific markers. Using an antibody against PLZF, which marks undifferentiated spermatogonia (Niedenberger et al., 2015) , we found an accumulation of undifferentiated spermatogonia in Rictor cko testis. Compared to controls, Rictor cko testis contained a significantly larger number of PLZF-positive cells at P18 and P60 ( Fig. 2A and B) . Consistently, cells expressing the spermatogonial marker LIN28 (Zheng et al., 2009) were also significantly increased in Rictor cko testis versus wild-type (Supplementary Fig. S3A and B). In the postnatal testis, a subset of spermatogonial cells start to differentiate in response to the morphogen retinoic acid, and express the KIT receptor tyrosine kinase, which is essential for spermatogonial differentiation (Busada et al., 2015a) . We next assessed the differentiation potential of spermatogonia in Rictor cko testis and found a significant reduction in KIT positive cells in Fig. S3C and D) . Moreover, the number of cells expressing STRA8, a marker for differentiating spermatogonia and preleptotene spermatocytes (Zhou et al., 2008; Endo et al., 2015) , was significantly lower in Rictor cko compared with wild-type testis at P18, P25 and P60 ( Fig. 2C and D) . The number of STRA8 positive tubules was also considerably reduced in Rictor cko testis at all time points (Fig. 2E) . Together, these data suggest that the differentiation potential of spermatogonia in Rictor cko testis is impaired. Consistent with immunofluorescent detection of markers for undifferentiated and differentiated spermatogonia, mRNA transcripts of genes essential for spermatogonial differentiation (Sohlh2, Ddx4, Stra8, Dazl) were significantly lower in P18 Rictor cko testis versus control, whereas those of genes essential for spermatogonial self-renewal, such as Plzf, Lin28, Gfrα1, Nanos2, Dmrt1 and Ret, were significantly upregulated ( Supplementary  Fig. S3E ). To detect the long-term consequence of Rictor deficiency on the integrity of spermatogonial population, we immunostained testis sections from Rictor cko mice at 4 months and found that undifferentiated spermatogonia were highly accumulated and in contrast there were no differentiated spermatogonia (Supplementary Fig. S3F and G). We next tested whether compromised spermatogonial differentiation affected the number of germ cells entering meiosis by quantification of γH2AX positive tubules. γH2AX marks DNA double-stand breaks and emerges in early-stage spermatocytes (Turner et al., 2004) . All seminiferous tubules from wild-type testes at P25 and P60 contained γH2AX-positive cells, whereas 27% and 15% of tubules from P25 and P60 Rictor cko testes, respectively, were devoid of γH2AX-positive spermatocytes ( Fig. 2F and G) .
To explain the dramatic germ cell loss in Rictor cko testes, we performed TUNEL assay and found a two-fold increase in the number of apoptotic cells in Rictor cko versus wild-type P18 and P60 tubules (Fig. 3A-C) . The apoptotic cells detected in the seminiferous epithelium of Rictor cko testis were preleptotene and leptotene stage spermatocytes (Fig. 3A) . We next quantified the number of γH2AX positive spermatocytes throughout all stages of the seminiferous epithelium cycle ( Fig. 3D and E) . Strikingly, the remarkable loss of leptotene spermatocytes began to occur at stages IX-X, however, there was a proportional reduction of spermatocytes at later stages (zygotene, pachytene and diplotene) through the entire course of meiosis in Rictor cko tubules (Fig. 3E) . Thus, the defects in spermatogenesis in Rictor cko testes may largely be caused by impaired spermatogonial differentiation and loss of early spermatocytes.
Meiotic synapsis and recombination is not affected in Rictor cko testes
Loss of Rictor impaired spermatogonial differentiation, leading to a reduction of germ cells entering meiosis. We next assessed meiotic progression I by immunostaining spermatocytes for SYCP1 and SYCP3, which are central and lateral elements of synaptonemal complexes, respectively, and allow for the identification of different stages of spermatocytes based on the immunostaining pattern (Fig. 4A ). We did not detect any obvious defects in the synapsis of homologous chromosomes in Rictor cko spermatocytes and found that Rictor cko spermatocytes progressed into the diplotene phase. There was no evidence for spermatogenic arrest during meiotic progression in Rictor cko testes (Fig. 4B ). We next examined meiotic recombination by immunostaining for RAD51, a DNA repair protein implicated in homologous recognition and strand invasion (Petukhova et al., 2005) that normally accumulates at the zygotene stage and diminishes at the pachytene stage (Fig. 4C) . We found that the number of RAD51 foci in zygotene and pachytene stage spermatocytes did not differ between wild-type and Rictor cko cells (Fig. 4D) . MLH1 marks the sites of crossovers and its foci become apparent in mid-late pachytene spermatocytes (Baker et al., 1996; Edelmann et al., 1996) . The number of MLH1 foci in pachytene stage Rictor cko spermatocytes was similar to that of wild-type spermatocytes ( Fig. 4E and F) . Taken together, Rictor ablation did not affect meiotic progression.
Premature release of germ cells to the Rictor cko epididymis
In contrast with wild-type epididymis in which all tubules contained abundant mature spermatozoa, caudal epididymis from Rictor cko mice was largely devoid of sperm and contained many 'nearly empty' epididymal tubules (Fig. 5A ). Computer-assisted semen analyses (CASA) revealed a significant reduction in sperm number and sperm motility in Rictor cko versus control samples (Fig. 5B) . Furthermore, more than 50% of spermatozoa from Rictor cko males exhibited morphological abnormalities in midpiece accessory structures ( Fig. 5C and D) . This structure is composed of mitochondria that generate ATP for movement of the flagellum and is formed in the final steps of normal spermatid elongation (Kang-Decker et al., 2001) . Notably, apoptotic cells in epididymal tubules included germ cells at earlier stages than mature spermatozoa suggesting premature release of germ cells from the testis (Fig. 5E ).
Loss of Rictor alters expression of genes involved in cell adhesion and germ cell transport
To better understand the phenotype resulting from germ cell-specific Rictor deletion, we performed RNA deep-sequencing to examine the transcriptome of wild-type and Rictor cko testes at P18. The transcriptome analysis revealed that the majority of differentially expressed genes in Rictor cko were upregulated compared to controls (2099 of 2515 differentially regulated genes). Among these, 582 genes were upregulated >2-fold and 110 genes were upregulated by more than 4-fold ( Fig. 6A and B) . In contrast, relatively few genes were downregulated in Rictor cko testes, with 81 genes exhibiting a 2-fold and only five genes a 4-fold or higher reduction (Fig. 6B ). We performed gene ontology (GO) term analysis among the upregulated genes and found enrichment of GO terms related to cell adhesion and germ cell transport, including biological adhesion, cell adhesion and cell migration (Fig. 6C) . These results suggest that Rictor is involved in the maintenance of epithelial architecture. Notably, a large group of upregulated genes have been shown to be involved in the regulation and/or maintenance of the BTB in the seminiferous epithelium, such as serine peptidase inhibitors, tumor necrosis factor receptors, keratins, integrins, claudins, laminins and cadherins (Holembowski et al., 2014; Jiang et al., 2015; Korhonen et al., 2015) . Many of these genes, however, are mainly expressed in Sertoli cells (Supplementary Table S2 ) (Gan et al., 2013) . Real-time RT-PCR analysis confirmed a significant increase in transcript levels of Spink11, Tnfrsf23, Cdh16, Serpinb6b, Pcdh9, Adam7 and Tnfrsf1b in P18 Rictor cko testes compared with control (Fig. 6D) . Interestingly, the transcripts of Cldn5 and Perp, which exhibit peak expression in spermatocytes (Gan et al., 2013; Korhonen et al., 2015) , were dramatically increased in isolated Rictor cko pachytene spermatocytes (Fig. 6E) . In summary, loss of Rictor caused a robust upregulation of cell adhesion and cell migration-associated genes that are expressed in both Sertoli cells and germ cells.
Disruption of cell-cell junctions in Rictor cko testes
Studies on LKB1/TSC1/TSC2 mutant mice haves show that germ cell behavior can be influenced in a non-cell-autonomous manner by mTORC1 signaling in somatic cells of the testis (Tanwar et al., 2012) . Inversely, changes in mTOR signaling in germ cells may affect the status of Sertoli cells, which is supported by the changes in RNA-seq profiling. To further test this hypothesis, we first immunostained testis cryosections for the Sertoli cell marker SOX9 and found that the number of SOX9-positive Sertoli cells did not differ between Rictor fl/+ and Rictor cko testes (Fig. 7A and B) . In addition, Sertoli cells in Rictor cko tubules were normally localized at the basal membrane and evenly spaced as observed in wild-type controls. We next examined the morphology of Sertoli cells, which is important to support germ cell transport from the basal to the apical ends across multiple layers of germ cells. Immunostaining for Vimentin, which marks the cytoplasm of Sertoli cells, showed that the Sertoli cells in Rictor cko tubules had shortened and thinned cytoplasmic arms, contrasting with Sertoli cells from Rictor fl/+ mice, which exhibited strong and linear staining throughout the entire seminiferous epithelium (Fig. 7C and D) . Electron microscopy studies further revealed loose ultrastructure and the presence of vacuolization in the seminiferous epithelium of Rictor cko testis, whereas wild-type tubules contained densely packed layers of germ cells and Sertoli cells with normal morphology (Fig. 7E) . Moreover, intimate cellcell contacts were often missing in Rictor cko tubules, and large irregular cavities were present at the Sertoli-germ and Sertoli-Sertoli cell interfaces. These morphological changes of Sertoli cells suggest severe defects in cell adhesion in Rictor cko testes. 
Rictor in germ cells regulates BTB dynamics
To test whether loss of Rictor caused defects in BTB function, we performed the classic in-vivo inulin-FITC (a fluorescence tag tracer) assay to monitor BTB integrity. As shown in Fig. 8A , inulin-FITC was restricted to the interstitium and the basal compartment of the seminiferous tubules of wild-type testis. In contrast, inulin-FITC was detected along the Sertoli cell plasma membranes and around germ cells from basement to lumen in seminiferous tubules from Rictor cko testis ( Fig. 8A and B) . RNAi-mediated transient knockdown of Rictor in whole testis has been previously associated with disruption of BTB integrity and distribution of cell adhesion proteins (Mok et al., 2013b) . We therefore next used dual-labeled immunofluorescence to assess the localization of ectoplasmic specialization (ES) and gap junction (GJ) proteins. In Rictor cko testes, basal ES proteins including (α-catenin, β-catenin and N-cadherin) were abnormally distributed, with loss of physical association with the BTB and detachment from the Sertoli cellcell interface (Fig. 8C) . Importantly, Espin, a basal and apical ES marker (Bartles et al., 1996) was considerably upregulated and the thickness of the BTB was increased at stages II-VI in Rictor cko testis (Fig. 8C) , indicating dysregulation of BTB restructuring during spermatogenesis. In addition to basal ES proteins, the GJ protein connexin-43 were upregulated and accumulated around round spermatids in Rictor cko testis (Fig. 8C ).
We next examined the organization of actin, which plays a key role in maintaining BTB integrity. Immunofluorescent assay of β-Actin and α-Tubulin showed that loss of Rictor resulted in disruptive microtubular system interactions with actin, in contrast to the orderly organized microtubular arrangement in wild-type testes (Fig. 8C) . Consistently, immunoblotting analysis showed upregulation of α-Tubulin in Rictor cko testis (Fig. 8D ). These data revealed that cell-cell junction were severely disrupted as a result of the collapse of BTB structure. 
Discussion
Our findings demonstrate that availability of mTORC2/Rictor in germ cells is required for spermatogenesis and male fertility. Conditional ablation of Rictor in male germ cells inhibited spermatogonial differentiation, leading to substantial loss of germ cells at early developmental stages. Specifically, preleptotene spermatocytes underwent apoptosis, reducing the number of germ cells entering meiosis. Importantly, Rictor in germ cells appears to be essential in supporting cell-cell adhesion and the BTB integrity, suggesting that mTORC2/Rictor activity in germ cells may communicate with, and coordinate, Sertoli cells in establishing Sertoli-germ cell adhesion. The maintenance of an undifferentiated spermatogonial population relies on the balance between spermatogonial stem cell self-renewal and differentiation. Previous studies have shown that mTORC1 is the central regulator of this balance. mTORC1 inactivation either by short-term rapamycin treatment or Vasa-Cre-mediated ablation of mTOR blocks spermatogonial differentiation (Busada et al., 2015b; Serra et al., 2017) . In contrast, hyperactivation of mTORC1 via VasaCre-mediated ablation of Tsc2, a negative regulator of mTORC1, leads to precocious spermatogonial differentiation (Hobbs et al., 2015) . Our study provides the first genetic evidence for the role of mTORC2 in spermatogonial differentiation. An accumulation of undifferentiated spermatogonia was observed in Rictor cko testes, which was accompanied by impaired spermatogonial differentiation. Interestingly, constitutive activation of AKT kinase, one downstream target of mTORC2, promotes spermatogonial stem cell self-renewal (Lee et al., 2007) . Moreover, AKT kinase is one of several proteins that exhibit a dramatic increase in phosphorylation upon GDNF stimulation (Wang et al., 2017) . Thus, these data argue for both mTORC1 and mTORC2 signaling pathway functions in maintaining the spermatogonial stem cell pool.
In female mice, Rictor/mTORC2/Akt/Foxo3a is required for folliculogenesis and follicle survival . Whereas Sertoli cell proliferation is not affected in the absence of Rictor, the present study shows that availability of Rictor in germ cells is indispensable for maintaining germ cell survival and a normal germ cell pool . Similarly, loss of Rictor in male germ cells, resulted in a considerable reduction of germ cells due to massive apoptosis of early spermatocytes, suggesting a key role of mTORC2 in protecting germ cells against cell death. Interestingly, ablation of Rictor had no detectable effect on meiotic progression or homologous recombination. This contrasts with findings from our recent study showing that conditional knockout of the mTORC1 component, Raptor, during male meiosis leads to meiotic arrest sex chromosome silencing defects (Xiong et al., 2017) . Our study has therefore identified a functional divergence of mTORC1 and mTORC2 function during meiosis.
In-vitro investigations of Rictor/mTORC2 have suggested that its role in maintaining the BTB function is largely mediated via Sertoli-cellspecific functions (Mok et al., 2013b) . One in-vivo study has demonstrated that Rictor-mediated Sertoli cell cytoskeletal organization contributes to BTB function . Our study showed that germ cell-specific loss of Rictor causes a substantial reduction in the number of preleptotene spermatocytes at stages VII-VIII, when preleptotene spermatocytes would be transported across the BTB to enter the adluminal compartment to undergo meiosis I/II (Mok et al., 2013a; Wen et al., 2016) , suggesting that Rictor function in germ cells is involved in the regulation of BTB dynamics. Indeed, BTB integrity is compromised, evident from abnormal localization of basal ES proteins in Rictor cko testes. Given that BTB integrity is essential for germ cell survival, and basal ES localization to the basement membrane maintains BTB dynamics, we assume that apoptosis of germ cell at early stages in Rictor cko testis might be partially due to the inability of basal ES to support BTB integrity. Recent studies have found that Rictor regulates cell adhesion and cell migration in HeLa cells and mouse embryonic fibroblasts (Agarwal et al., 2013; Sato et al., 2016) . Here, we found that Rictor regulates cell adhesion and migration-associated genes, including peptidase inhibitors, receptors and integrins in the mouse testis. Importantly, Serpinb6b and Tnfrsf1b, encoding a serine peptidase inhibitor and associated receptor, respectively, were also upregulated in mice deficient for the p53 family transcription factor TAp73, which are infertile and exhibit disruption in BTB integrity and defects in Sertoli-germ cell adhesion (Holembowski et al., 2014) . Intriguingly, we found that several cell adhesion and migration-associated genes upregulated following germ-cell specific ablation of Rictor were genes with known Sertoli cell-specific expression patterns. It is currently unknown how Rictor deficiency in germ cells may influence the morphology and function of Sertoli cell. One possible mediator is the close crosstalk between germ cells and Sertoli cells in the epithelium that may cause Sertoli cells to respond to alterations in mTORC2 signaling of germ cells in a cell non-autonomous manner.
Collectively, germ cell-specific expression of mTORC2/Rictor maintains normal spermatogonial differentiation and intercellular adhesion, particularly BTB function. Both mTORC1 and mTORC2 pathways are crucial for germ cell development, and their functions overlap partially but are also functionally divergent during spermatogonial differentiation and meiotic progression, respectively. Moreover, mTORC2 signaling in Sertoli and germ cells may coordinate and orchestrate a network of intercellular adhesion and cytoskeleton-based architecture in the seminiferous epithelium.
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